Hypoxia is an important factor in tumor growth. It is associated with resistance to conventional anticancer treatments. Gene therapy targeting hypoxic tumor cells therefore has the potential to enhance the efficacy of treatment of solid tumors. Transfection of a panel of tumor cell lines with plasmid constructs containing hypoxia-responsive promoter elements from the genes, vascular endothelial growth factor (VEGF) and erythropoietin, linked to the minimal cytomegalovirus (mCMV) or minimal interleukin-2 (mIL-2) promoters showed optimum hypoxia-inducible luciferase reporter gene expression with five repeats of VEGF hypoxic-response element linked to the mCMV promoter. Adenoviral vectors using this hypoxia-inducible promoter to drive therapeutic transgenes produced hypoxia-specific cell kill of HT1080 and HCT116 cells in the presence of prodrug with both herpes simplex virus thymidine kinase/ganciclovir and nitroreductase (NTR)/CB1954 prodrug-activating systems. Significant cytotoxic effects were also observed in patient-derived human ovarian cancer cells. The NTR/CB1954 system provided more readily controllable transgene expression and so was used for in vivo experiments of human HCT116 xenografts in nude mice. Subjects treated intratumorally with Ad-VEGFmCMV-NTR and intraperitoneal injection of CB1954 demonstrated a statistically significant reduction in tumor growth. Immunohistochemistry of treated xenografts showed a good correlation between transgene expression and hypoxic areas. Further investigation of these hypoxia-inducible adenoviral vectors, alone or in combination with existing modalities of cancer therapy, may aid in the future development of successful Gene-Directed Enzyme Prodrug Therapy systems, which are much needed for targeting solid tumors.
Introduction
Most solid tumors develop regions of transiently or chronically hypoxic cells during growth. A variety of different mechanisms contribute to the development of hypoxia in solid tumors and hypoxia is associated with unfavorable prognosis, regardless of the treatment modality applied. These hypoxic regions are known to be more resistant to radiotherapy and chemotherapy than well-oxygenated regions of a tumor. 1 Hypoxia is also related to malignant progression, increased invasion, angiogenesis and an increased risk of metastasis formation. This highlights the growing need to develop antitumor therapies, which target hypoxic cells and which might, therefore, be used in combination with existing modalities of cancer therapy to kill both normoxic and hypoxic regions of tumors.
Overexpression of the a-subunit of hypoxia-inducible factor 1 (HIF-1a) is thought to be an essential part of tumor progression and a marker of highly aggressive disease in various tumor types.
2 HIF-1 is activated in response to hypoxia and activates transcription by binding to the hypoxic-response elements (HREs) within the promoter regions of genes, which regulate biological processes. Hypoxia-inducible genes such as vascular endothelial growth factor (VEGF) and erythropoietin (EPO) are frequently overexpressed in tumors. 3 The HREs of VEGF and EPO have been shown to be very sensitive to hypoxic conditions and have been used in a variety of hypoxia-targeted gene therapy studies. [4] [5] [6] [7] [8] [9] These promoter elements therefore offer the prospect of selective therapeutic gene expression in hypoxic tumors and enhanced tumor kill when combined with established treatment modalities to which areas of hypoxic tumor are resistant. Previous studies have placed a therapeutic transgene under the control of conditional promoters such as the carcinoembryonic antigen promoter targeting colorectal cancer cells, 10 the human telomerase reverse transcriptase promoter as a cancer-specific target 11, 12 or HRE to target hypoxia. [4] [5] [6] [7] [8] [9] The use of viral vectors is an attractive and wellestablished approach for the delivery of gene therapies. The concept of virus-directed enzyme prodrug therapy (VDEPT) involves the delivery of genes encoding a prodrug-activating ('suicide') enzyme, which metabolizes a non-toxic prodrug to produce a toxic metabolite. Therapeutic combinations such as the herpes simplex virus thymidine kinase (HSVtk) gene and its prodrug ganciclovir (GCV), or bacterial nitroreductase (NTR) and its prodrug CB1954, produce toxic metabolites that are freely diffusible and able to kill neighboring cells via a 'bystander effect'. 13, 14 Both systems are well characterized and have been investigated in clinical trials, [15] [16] [17] but have not been compared in parallel under hypoxic conditions under the control of different transcriptional promoters. The combination of transcriptional regulation, hypoxia-selective HREs and adenoviral delivery of prodrug-activating genes therefore provides great potential for selective targeting of hypoxic regions within solid tumors.
We have constructed plasmid and adenoviral vectors encoding the HSVtk and NTR suicide genes, under the transcriptional control of either VEGF or EPO HREs combined with either the minimal cytomegalovirus (mCMV) or minimal interleukin-2 (mIL-2) promoter, and compared the cytotoxic effects of hypoxia-inducible HSVtk or NTR gene products in established cancer cell lines and in primary cultures of human tumor cells in vitro. As preparatory studies for potential clinical trials, we also examined the efficacy of the NTR adenoviral vectors in human tumor xenograft models in nude mice in vivo.
Materials and methods

Culture of human cell lines
All cultures were incubated in a humidified incubator with 5% CO 2 at 371C. The human embryonic kidney cells, HEK293, were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 2 mM L-glutamine. For hypoxic conditions, cells were incubated in either a humidified incubator with 1% O 2 at 371C or 150 mM cobalt chloride (CoCl 2 ) was added to the medium.
The human urothelial carcinoma cell line, UMUC3, and the ovarian carcinoma cell lines, SKOV3 and OVCA433, were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (FCS) and 2 mM L-glutamine. The human colon cancer HCT116 and JON bladder carcinoma cell lines were maintained in RPMI 1640 with 10% FCS and 2 mM L-glutamine, whereas HT1080 human fibrosarcoma cells were maintained in a-modified Eagle's medium with 10% FCS, 2 mM L-glutamine and 1% non-essential amino acids. All cell lines were obtained from the American Tissue Culture Collection.
Culture of patient-derived tumor specimens Primary ovarian cancer cells were isolated from the ascitic fluids of patients undergoing therapeutic drainage procedures. Ethics approval and written informed consent was obtained before collection of ascitic fluid. Briefly, 100 ml ascitic fluid was centrifuged for 10 min at 500 g and the pellet resuspended in 10-15 ml red cell lysis buffer (SigmaAldrich, Dorset, UK) for 10 min to remove contaminating erythrocytes. Following a further 5 min centrifugation at 500 g, the supernatant was removed and the cells were resuspended in RPMI containing 15% FCS, 2 mM L-glutamine, 50 IU penicillin and 50 mg ml À1 streptomycin, plus 10-50% autologous ascitic fluid. The cells were plated in culture vessels according to cell density (usually 2 Â 25 cm 2 culture vessels) and maintained in RPMI plus 15% FCS after initial passage. The primary ovarian cells used for these studies were at passage 3 and are the same cells as described in detail by Ingram et al.
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Reporter constructs
The luciferase gene-containing plasmid, pGL3-control (Promega, Southampton, UK) was used as the basis for the reporter constructs. The SV40 promoter of pGL3-control was replaced with the mCMV or mIL-2 promoter at the BglII and HindIII restriction sites (Figures 1a  and b) . The mIL-2 promoter was amplified by polymerase chain reaction using the primers: mIL-2For, 5
0 -agatctaa cattttgacacc-3 0 and mIL-2Rev, 5 0 -aagcttgtggcaggagttgag-3 0 using the pLH-Z12I-PL vector (Ariad Argent now Clontech, Saint-Germain-en-Laye, France) as a template. In a similar way, the mCMV promoter was amplified using the primers: mCMVFor, 5 0 -agatctgagtaggcgtgtacgg-3 0 and mCMVRev, 5 0 -aagcttgaggctggatcggtc-3 0 and the pTRE2 vector (Clontech) as a template. These vectors were named pGL3-mIL2 and pGL3-mCMV accordingly and used for the insertion of the tandemly repeated HREs at the BglII and HindIII restriction sites (Figures 1a and b) .
Five repeats of the VEGF and EPO HREs were derived from the 3 0 -flanking region of the human EPO and the 5 0 -flanking region of the human VEGF gene were cloned into a modified pTRE2 vector (Clontech) by analogy to the method described by Post et al. 38 Briefly, a modified pTRE2 vector was generated with the enhancer element removed by inserting a second XhoI recognition site downstream of the enhancer and restriction digest with XhoI (vector kindly provided by D Jevremovic, Mayo Clinic, Rochester, MI). The modified pTRE2 vector was then used as a cloning vector after dephosphorylation of the linearized plasmid. EPO and VEGF HRE oligonucleotides (see Table 1 ) were annealed before insertion into the linearized modified pTRE2 vector. The oligonucleotides were designed with overhanging 5 0 and 3 0 ends with added XhoI (5 0 -CTCGAG-3 0 ) and SalI (5 0 -GTCGAC-3 0 ) restriction sites, respectively. Insertion of the annealed oligonucleotide into a linearized vector pre-digested with XhoI changes the SalI 3 0 recognition site from 5 0 -GTCGAC-3 0 to 5 0 -GTCGAG-3 0 , thereby eliminating the restriction site. The vector with the inserted oligonucleotide is then re-digested with XhoI (using the remaining recognition site at the 5 0 end of the inserted oligonucleotide), thus allowing addition of further oligonucleotides. This process is then repeated until five tandem repeats of EPO or VEGF HREs have been incorporated. Correct insertion of oligonucleotides was confirmed by restriction digest and sequencing. Five tandem copies of the respective HRE were then amplified by polymerase chain reaction using the modified pTRE2 vectors containing five HRE tandem repeats as a template with primers incorporating MluI and XmaI restriction sites to allow directional insertion into pGL3-mIL2.
Therapeutic constructs
Ad-CMV-NTR (CTL102) was kindly provided by Innovata plc. (Nottingham, UK). Other therapeutic recombinant adenovirus constructs, Ad-mCMV-HSVtk, Ad-VEGFmCMV-HSVtk, Ad-mCMV-NTR and AdVEGFmCMV-NTR, were generated using the Ad-easy system (Clontech). Initially, the luciferase gene in the pGL3 constructs was replaced with either the HSVtk or bacterial NTR suicide gene, using the HindIII and XbaI restriction enzyme sites. The HSVtk gene was obtained from the plasmid pBS-sk/MEEP-tk 39, 40 (kindly provided by Dr Georges Vassaux, Nantes, France) and the NTR gene was amplified from pd2NTR-Basic1 41 (a gift from Professor Nicol Keith, CRUK, Glasgow, UK). From these constructs, fragments containing the complete prodrug enzyme gene were amplified by polymerase chain reaction to incorporate NotI sites at each end and inserted into pGEMTeasy for sequencing. The following primers were used: VEGFFor, 5 0 -gcggccgctcgagccacagtgc-3 0 ; mCMVFor,
0 . The amplicons were inserted at the NotI site in the pShuttle vector (Clontech).
Adenovirus production and infection
The pShuttle constructs were prepared using the Ad-easy system (Clontech), according to the manufacturer's instructions. Briefly, the insert was amplified from the corresponding sequence in the pGL3 constructs, as described above, and the final PacI-linearized plasmids were transfected into 3 Â 10 6 HEK293 cells, previously seeded into a 60-mm culture dish. The recombinant viruses were amplified, purified and quality checked for recombination by ViraQuest Inc. (North Liberty, IA). The viral titer was also provided by ViraQuest.
Western blot analysis for HIF-1a
Six-well plates were seeded with 4 Â 10 5 tumor cells (established cell lines or primary ovarian cultures), and left overnight at 371C. Cells were then subjected to normoxic or hypoxic conditions (1% O 2 or 150 mM CoCl 2 ) for 24 h. Cells were washed with cold phosphate-buffered saline and nuclear extracts were prepared using a modified Dignam method. 42 Cells were scraped into 1.5 ml of cold phosphate-buffered saline and then transferred to an Eppendorf tube and pelleted for 20 s at 0.5 g at 41C. To obtain nuclear extracts, the cell pellets were resuspended in 400 ml cold Buffer A (10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl 2 , 10mM KCl, 0.5 mM dithiothreitol, 1 mM sodium vanadate (Na 3 VO 4 ) plus a cocktail of protease inhibitors (Sigma)) and incubated on ice for 10 min, followed by vortexing for 10 s. The samples were centrifuged for 10 s at 2.1 g at 41C and the pellet resuspended in 20-40 ml of cold buffer C (20 mM HEPES-KOH (pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM 
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MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, 1 mM Na 3 VO 4 plus a cocktail of protease inhibitors) and kept on ice for 20 min. The cellular membrane was pelleted by centrifugation for 2 min at 15.7 g at 41C and the supernatant was frozen in 10-20 ml aliquots at À801C. In all, 15 mg of the nuclear extracts were electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and the membrane was hybridized with an HIF-1a monoclonal primary antibody (BD Biosciences, Oxford, UK) at a dilution of 1:1000, and then with a goat anti-mouse horseradish peroxidase secondary antibody (Southern Biotech, Birmingham, AL, USA) at a 1:2000 dilution. Bands were then visualized by enhanced chemiluminescence using an ECL Plus kit (GE Healthcare, Little Chalfont, UK).
Transfection and hypoxic transgene expression
For luciferase reporter assays, cells were seeded into 24-well plates at 2 Â 10 5 cells per well and transfected 24 h later with 200 ng per well of plasmid DNA using Effectene (Qiagen, Crawley, UK), according to the manufacturer's instructions. At 24 h post-transfection, cells were exposed to hypoxia (1% O 2 ) for a further 48 h before harvesting for luciferase assay. To control for transfection efficiency between samples, pGL3-lacz was transfected in parallel and visualized by lacz staining. Samples analyzed for luciferase activity were normalized using the protein levels of each sample and the fold induction was calculated as a (HÀN)/N ratio for each cell line.
Luciferase assay
Following transfection and hypoxic transgene expression, cells were washed with phosphate-buffered saline and then 100 ml of reporter lysis buffer was added. The cell lysates were harvested by scraping and stored at À20 1C in 1.5 ml Eppendorf tubes. The lysates were then analyzed for luciferase activity using the Steady-Glo system (Promega) as per the manufacturer's instructions and luminescence was measured using a MicroBeta counter (Perkin Elmer, Cambridge, UK) at 1 s intervals.
Cell proliferation assay
For prodrug enzyme cytotoxicity assays, 1 Â 10 6 cells per ml were infected with adenoviruses in suspension for 1.5 h at 371C at a multiplicity of infection (MOI) of 100 (1 Â 10 8 PFU), for the cell lines or MOI of 10 (1 Â 10 7 PFU) for the primary cultures. The inoculum was removed and fresh medium added. For the cell lines, cells were diluted and plated out at 3000 cells per well in 200 ml of medium in 96-well plates; for primary ovarian cultures, cells were plated out at 6000 cells per well. At 48 h post-infection, the appropriate prodrug was added at varying concentrations (0, 1, 3, 10, 30, 100 and 300) and the cells were exposed to hypoxic conditions (1% O 2 or 150 mM CoCl 2 ) for 3 or 5 days for NTR and HSVtk, respectively. Cell viability was analyzed by WST-1 assay (Roche Diagnostics, Burgess Hill, UK). Briefly, 75 ml of 1 Â WST-1 reagent was added and the plate incubated for 2 h at 371C, and then the absorbance measured at 450 nm using a Thermo Electron multiscan plate reader. The data are presented as a percentage of viable cells compared to the untreated cells, expressed as 100% survival. The absorbance of untreated cells is 100% survival. The halfmaximal inhibitory concentration (IC 50 ) values were calculated as the concentration of prodrug giving 50% of this absorbance. The P-values were calculated using the unpaired t-test. Values were considered statistically significant at the Po0.05 level.
Animals
Female Balb/C immunodeficient mice (Harlan, Blackthorn, UK) aged 6-8 weeks were used. Mice received Harlan 2018 diet (Harlan) and water ad libitum. Mice were kept in cages in an air-conditioned room with regular alternating cycles of light and darkness. All animal procedures were carried out under a project license issued by the UK Home Office and UKCCCR guidelines 43 were followed throughout.
HCT116 xenografts
Tumors were excised from a donor animal, placed in sterile physiological saline containing penicillin and streptomycin and cut into small fragments of approximately 2 mm 3 . Under brief general inhalation anesthesia, HCT116 tumor fragments were implanted into one or both flanks of each mouse, as appropriate, using a trocar. Once the tumors had reached a volume of 100-200 mm 3 as measured by calipers, mice were allocated into cages of 8 (treatment groups) or 4 (control groups) by restricted randomization to keep group mean tumor size variation to a minimum.
In vivo tumor reduction experiments
A total of 1.2 Â 10 9 PFU of each adenovirus or saline as control was injected intratumorally at three sites per tumor in 20 ml volumes per site, with the day of injection designated day À3. CB1954 was administered intraperitoneally at 20 mg kg À1 on day 0 to day 5. The effect of therapy was assessed as described previously. 44 Briefly, two-dimensional caliper measurements of the tumors were taken daily, with volumes calculated using the formula (a 2 Â b)/2, where a is the smaller and b the larger diameter of the tumor. Tumor volume was then normalized to the respective volume on day 0, and log plots of relative tumor volume vs time were made. Unpaired t-tests were performed to determine the statistical significance in growth rate (based on tumor volume doubling time, relative tumor volume 2) between all groups.
Immunohistochemistry
Tumors were formalin fixed, paraffin embedded and 4-mm sections were cut for the immunostaining of consecutive sections with Glut1 and NTR. Sections were de-paraffinized and rehydrated before immunohistochemistry. Slides were treated in xylene for 3 Â 5 min and then rehydrated through absolute alcohol to water, that is, 3 Â 1 min in 100% ethanol and then 5 min in running tap water. For Glut1 antibody staining, heat-mediated antigen retrieval was performed by placing the slides in 0.2 M citric acid (pH 6.0) (pre-heated for 2 min in microwave) and heating for 10 min in a microwave (800 W) on full power.
The slides were cooled to room temperature for 20 min and then rinsed briefly in Tris-buffered saline (TBS). Endogenous peroxidase was blocked with 0.3% hydrogen peroxide (Sigma)
For nitroreductase staining, no antigen retrieval was performed and endogenous peroxidase was blocked as described above. Slides were rinsed twice in TBS for 5 min and then blocked with an avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA) and rinsed in TBS. A final blocking step was performed with 1 Â casein (Vector Laboratories) for 20 min. Slides were then incubated with a sheep anti-NTR antibody (kindly provided by Professor Peter Searle) at a dilution of 1:1000 for 1 h at room temperature. All antibodies were diluted in antibody diluent buffer (Zymed, Invitrogen, Paisley, UK). Slides were washed twice between steps with TBST and once with TBS for 10 min each. A rabbit antigoat biotinylated secondary antibody was incubated for 30 min and then a streptavidin peroxidase complex (Vector Laboratories) was added for 30 min. Antibody staining was developed using DAB Plus (Dako) and slides counterstained with Mayer's hematoxylin for 2 min. The slides were then dehydrated, cleared and mounted for microscopy.
Results
Hypoxic induction of HIF-1a expression in human cancer cell lines
Hypoxic induction of HIF-1a expression was confirmed in a panel of cancer cell lines derived from different human tissues and a primary culture of human ovarian cancer by western blot analysis (Figure 1c ). All cell lines tested showed very little or no HIF-1a expression under normoxic conditions, but significantly increased expression under hypoxic conditions (1% O 2 ). Similar results were obtained using 150 mM CoCl 2 to induce hypoxia (data not shown). Particularly high levels of HIF-1a expression were seen in the HT1080 (human fibrosarcoma) and HCT116 (colorectal carcinoma) cell lines under hypoxic conditions. Interestingly, primary cultures of ovarian cancer cells obtained from patients' ascites also demonstrated high levels of HIF-1a expression, suggesting hypoxic induction.
Comparison of VEGF and EPO HREs
The same cancer cell lines used in Figure 1c were transiently transfected with luciferase reporter plasmids, with or without five repeats of VEGF or EPO HREs, inserted upstream of either an mCMV or an mIL-2 promoter (Figure 2) . Constructs containing the mCMV promoter demonstrated up to eightfold increased luciferase expression after 48 h under hypoxic conditions with the VEGF HREs, and up to sixfold with EPO HREs (Figure 2a) , depending on the cell line, with HCT116 showing particularly high levels of hypoxic induction. Similarly, up to ninefold hypoxic induction was seen with the mIL-2 promoter (Figure 2b) . However, the absolute levels of luciferase activity due to hypoxic induction seen with the mIL-2 promoter plasmid constructs were approximately two orders of magnitude lower than those observed with the mCMV promoter (10 ; data not shown). As the therapeutic efficacy of hypoxiainducible transgene expression is likely to require high levels of expression as well as a significant differential in expression between normoxia and hypoxia, constructs driven by the mCMV promoter were used for all subsequent experiments. In all the cell lines tested, constructs containing five repeats of VEGF and the mCMV synthetic promoter demonstrated luciferase activity at least as high as, or higher than, the five repeats of EPO and the mCMV promoter under hypoxic conditions (Figure 2a ). Particularly high levels of hypoxic expression were seen with JON and HCT116 cells and moderate levels in HT1080 cells. Five repeats of the VEGF HRE, coupled to an mCMV promoter, were used for further studies in HCT116 and HT1080 cells to investigate the relative cytotoxicity of HSVtk and NTR prodrug-activating enzyme genes, as JON cells demonstrated much lower levels of transfection efficiency.
Comparison of different prodrug-activating enzyme genes Having identified our optimum hypoxia-inducible HREpromoter system, we sought to compare the HSVtk and NTR prodrug-activating enzyme systems. We constructed a panel of recombinant replication-defective adenoviral vectors containing the HSVtk or the bacterial NTR therapeutic transgenes. These viral vectors were used to compare the cytotoxicity of these two prodrug enzyme systems under normoxic and hypoxic conditions. HT1080 and HCT116 cells used in previous experiments both showed efficient transduction, as assessed by FACS analysis, using AdGFP virus with 99% and 95% positive cells, respectively, at an MOI of 100.
Both Ad-CMV-HSVtk-and Ad-CMV-NTR-positive control viruses, in which the transgene is driven by the full CMV promoter, showed strong cytotoxic effects under both normoxic and hypoxic conditions in each of these cell lines (Figure 3 ). Our hypoxia-inducible Ad-VEGFmCMV-HSVtk virus demonstrated hypoxiaspecific cytotoxic effects in the HT1080 fibrosarcoma cells in the presence, but not in the absence, of GCV. Induction of hypoxia by either low oxygen or chemical induction using 150 mM CoCl 2 produced similar results with an IC 50 of 5.9 and 31 mM under hypoxia for CoCl 2 and low oxygen, respectively (Figures 3a and c and Table 2 ). Similarly, Ad-VEGFmCMV-NTR demonstrated a considerable cytotoxic effect under hypoxic conditions in HT1080 cells with an IC 50 of 4-18 mM of the prodrug CB1954 (Figures 3b and d and Table 2 ). In all cases, the IC 50 in hypoxic conditions was similar to that for the viruses in which prodrug-activating enzyme expression was driven by the full CMV promoter under either normoxic or hypoxic conditions.
For the HCT116 cells, with the Ad-VEGFmCMVHSVtk under hypoxic conditions, a strong cytotoxic effect was observed with an IC 50 of 1 mg ml À1 (3.9 mM) (Figures  3e and g) . A similar level of cell kill was obtained with the Ad-VEGFmCMV-HSVtk under hypoxic conditions to that obtained with the full CMV promoter under either hypoxic or normoxic conditions. A significant cytotoxic effect was also seen with the NTR transgene in AdVEGFmCMV-NTR virus under hypoxic conditions, with 50% of cell death occurring at around 15 mM (Figures 3f  and h ). The hypoxia-specific effect seen in the HCT116 cells was more pronounced than in the HT1080 cell line, reaching statistical significance at the Po0.05 level. The HCT116 cell line was more susceptible under normoxic conditions than the HT1080 cells, but killed at lower GCV concentrations, which is more desirable when considering the cell line to use for in vivo models. The IC 50 values observed with both HSVtk/GCV and NTR/ CB1954 are comparable to values obtained in previous studies. 18, 19 Cytotoxicity of adenovirus-delivered prodrug enzyme systems in human primary ovarian cancer cells Primary ovarian cancer cells taken directly from patient ascites are not easily transduced by adenovirus. However, an early adaptation to culture is to become adherent, with consequent alterations in phenotype, which results in enhanced infectivity. These adherent cells are a more representative model for ovarian cancer because, as shown by Ingram et al., 20 solid ovarian tumors are highly susceptible to adenovirus infection and are a better representative of the true model of ovarian cancer cells. Thus, the use of human primary tumor cells provides a more realistic assessment of the potential value of VDEPT in the clinical setting than the use of established tumor cell lines. Therefore, the Ad-VEGFmCMV-HSVtk and Ad-VEGFmCMV-NTR viruses were used to transduce primary human ovarian cancer cells, obtained from ascitic fluid from patients, to examine their ability to induce cell death under hypoxic conditions. The primary tumor cells were easily transducible at an MOI of 10 as demonstrated previously. 20 Adenoviruses containing the mCMV promoter and the full CMV promoter were included in these experiments as negative and positive controls, respectively. The use of the mCMV promoter alone did not produce any significant cytotoxic effect. The full CMV promoter produced highly efficient cell kill, under both normoxic and hypoxic conditions with both prodrugactivating genes, but greater cytotoxicity was seen with NTR/CB1954 system. A significant hypoxia-specific cytotoxic effect was seen with Ad-VEGF-HSVtk/GCV, which resulted in around 65% cell death at 5 days, comparable to that observed with the positive control Ad-CMV-HSVtk, whereas there was o20% cell kill under normoxic conditions (Figure 4a ). Ad-VEGF-NTR demonstrated an even greater differential cell kill under hypoxia with up to 97% cell death, again similar to the positive control with the full CMV promoter (Figure 4b ) and considerably greater than the 25% seen under normoxia.
Antitumor efficacy of Ad-VEGFmCMV-NTR with CB1954 in HCT116 tumor xenografts For in vivo testing of our hypoxia-inducible system, we selected the Ad-VEGFmCMV-NTR virus/CB1954 prodrug-activating system. This was on the basis that it demonstrated a steeper dose:response curve in established lines, and showed a better differential cell kill between normoxia and hypoxia in primary cultures of ovarian cancer cells, both suggesting a potentially beneficial efficacy:toxicity ratio in vivo. P-values were determined using the unpaired t-test. Error bars represent the standard deviation. Cell viabilities at zero ganciclovir (GCV) and CB1954 represented as 100%. Ad-VEGFmCMV-HSVtk/NTR refers to both HSV-tk and NTR represented by the same symbol for the same condition.
Ad-VEGFmCMV-NTR was injected intratumorally into HCT116 xenografts in nude mice ( Figure 5 ). The Ad-VEGFmCMV-NTR showed a significant delay (Po0.01) in tumor growth over a 15-day time course when CB1954 was administered intraperitoneally compared with Ad-VEGFmCMV-NTR alone. Conversely, Ad-mCMV-NTR, with or without CB1954, did not demonstrate any significant effect on tumor growth. AdVEGFmCMV-NTR also showed a significant effect compared with the Ad-mCMV-NTR groups (Po0.05) in the presence of CB1954, but not in its absence.
Localization of adenovirus transgene expression in hypoxic regions of HCT116 xenograft models Our hypothesis is that the improved cytotoxicity of the Ad-VEGFmCMV-NTR virus seen in vivo is due to its ability to target selectively hypoxic areas of tumor. To test this hypothesis, immunostaining experiments were performed with anti-NTR and anti-Glut1 antibodies to establish whether there is a correlation between tumor areas expressing the virally encoded transgene and areas of hypoxia. Tumors were excised once the animals had been killed and adjacent sections were stained using Glut1 as a marker of hypoxia and an antibody against NTR as a marker of adenoviral transgene expression.
Tumors from mice injected with the Ad-VEGFmCMV-NTR virus and administered with or without CB1954 showed similar staining patterns for Glut1 and NTR.
That is, the hypoxic regions within the tumor show Glut1 staining of necrotic cells. The cells surrounding this region show more defined Glut1 staining with characteristic membrane staining for Glut1 (Figures 6a, c, e and g ). As expected, Glut1 staining was also seen in the absence of virus (Figure 6i ) and in the presence of virus, but in the absence of the prodrug (Figure 6e) , demonstrating that the hypoxic regions of tumors are not the result of the presence of virus alone, but rather the virus-prodrug combination. Staining for NTR showed the prodrugactivating enzyme to be present within the same region surrounding the hypoxic cores (Figures 6b, d , f and h), but not in the absence of virus (Figure 6j) . Thus, the adenovirus was demonstrated to colocalize to areas of hypoxic cells within the tumors of mice and efficiently express the NTR transgene. No NTR staining was seen in negative controls without the primary antibody (data not shown).
Discussion
Hypoxia plays a critical role in tumor growth and development. Resistance to conventional chemo-and radiotherapies in hypoxic cells is due to the different survival factors induced in these cell types. Thus, there is a need to establish new therapeutic agents, which selectively target hypoxic regions of tumors. To help overcome this resistance and aid tumor eradication, in combination with conventional therapies, we have developed hypoxiainducible adenoviral vectors using HREs derived from human VEGF and EPO gene promoters, driving either the HSVtk or NTR prodrug-activating enzyme genes to target the hypoxic areas of solid tumors. HSVtk/GCV and NTR/CB1954 have been widely used in a number of cytotoxic gene therapy studies, including therapies targeting hypoxia. [21] [22] [23] [24] Only a few studies have compared both HSVtk and NTR systems in parallel, but none of these comparisons has been under hypoxic conditions with different transcriptional regulation. In one study, HSVtk/GCV showed the widest therapeutic index, whereas NTR/CB1954 demonstrated a stronger bystander effect in a retroviral vector. 25 CB1954 is known to be activated by one-electron reductases selectively in hypoxic conditions; thus, an increased cytotoxic effect may be observed. However, a report by Wilson et al. 26 showed no increased or decreased effect on the bystander activity of CB1954 due to hypoxia. Others found NTR/ CB1954 to suppress tumor growth more efficiently in vivo than HSVtk/GCV. 27 Both prodrug-activating systems demonstrate efficacy in a variety of models. However, the use of HSVtk/GCV in cancer gene therapy may be limited owing to the requirement of target cell division, as HSVtk/GCV is only active in dividing cells. NTR/ CB1954, on the other hand, has the potential advantage over the HSVtk/GCV prodrug-activating system that it is effective in both dividing and non-dividing cells. 28 Previous studies have shown that CoCl 2 is just as efficient as low oxygen levels in inducing a hypoxic environment. In common with several previous studies, 29, 30 which used both conditions in parallel, our data using either 1% oxygen or 150 mM CoCl 2 demonstrated similar results. This was the case with either HSVtk/GCV or NTR/CB1954 prodrug-activating system. Both the VEGF and EPO HREs are capable of inducing a similar hypoxia-inducible response, but the mCMV promoter induces stronger gene expression than the mIL-2 promoter.
Both therapeutic transgenes showed a significant and selective in vitro response under hypoxia compared with normoxia when driven by HREs. The HSVtk/GCV system demonstrated a greater cytotoxic effect than the NTR/CB1954 in both the HT1080 and HCT116 cells. However, use of these viruses to target hypoxia in human primary ovarian cancer cells found a more marked effect with the NTR/CB1954 system, with 95% cell death observed under hypoxia.
Similar to this study, previous in vivo studies with NTR/CB1954 have shown significant reduction in tumor volume and increases in animal survival. [31] [32] [33] [34] [35] Shibata et al. 8 used the NTR/CB1954 system in a xenograft model with a VEGF HRE to examine the effects on hypoxia. The NTR gene was stably transfected into fibrosarcoma cells before tumor formation in mice. Mice were exposed to and breathed 10% oxygen to enhance tumor hypoxia in order for cells to exhibit a significant tumor growth delay. Exposure to 10% oxygen is not ideal as this may also cause hypoxia in normal tissues, not just in the tumor. Other in vivo studies targeting hypoxia using alternative prodrug-activated systems found that tumors of 100-200 mm 3 display hypoxic conditions without the need for exposure of mice to low oxygen levels, which is a much more physiological approach. 36, 37 Indeed, immunostaining of our xenografts showed intrinsic hypoxic regions within the tumors as determined by Glut1 staining. Sections from these xenografts showed adenoviral transgene expression within the hypoxic regions of the tumors, as determined by comparing the NTR staining with the Glut1 staining. These experiments used replication-defective adenovirus, and as tumor xenografts were harvested up to 15 days after treatment with virus, it is almost certain that there would no longer be any Figure 5 In vivo antitumor effect on HCT116 xenografts in mice. Ad-VEGFmCMV-NTR and Ad-mCMV-NTR were injected into HCT116 tumors and mice were treated with or without intraperitoneal CB1954 over 5 days. Tumor growth was measured daily and the mean relative tumor volume was calculated. Error bars are the standard error of the mean.
detectable adenoviral hexon capsid protein. Furthermore, as no endogenous expression of the bacterial protein NTR would be expected in mammalian cells, and as no staining with anti-NTR antibody was seen in the absence of virus, it seems reasonable to infer that NTR expression is indicative of the presence of adenovirus. Thus, the Figure 6 Immunohistochemical analysis of nitroreductase (NTR) and Glut1 expression in HCT116 mouse tumor xenografts. All animals were killed by day 15 after initial treatment. Tumors were excised and subjected to immunohistochemical analysis. Adjacent sections from tumors injected with Ad-VEGFmCMV-NTR or with saline, and then given CB1954 were stained for Glut1 (a, e, i) and NTR (b, f, j). A representative section from each of these was visualized at Â 20 objective to demonstrate the defined membranous staining (c, g) and corresponding area stained with NTR (d, h). Box ¼ area in Â 20 magnification image.
colocalization of the Glut1 and NTR staining suggests that the positive therapeutic effect of the virus may well be via hypoxia-specific induction of therapeutic transgene expression.
To our knowledge, this is the first time such a detailed comparative study of the performance of prodrugactivating systems HSVtk/GCV and NTR/CB1954 under different promoters has been carried out in hypoxic conditions. Our study is potentially informative for future studies of the effect of hypoxia-targeting VDEPT systems. Further in vivo efficacy studies for this system should include combination of VDEPT with radio-and chemotherapy treatments, with the aim of improving the therapeutic index for the treatment of solid tumors. The successful development of such gene therapy systems targeting hypoxic regions of tumors are urgently needed and warrant further investigation.
